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Abstract. The mechanical behaviour of sedimentary rocks is conditioned by the interactions at the grain-grain 
contacts. We present a micromechanics digital rock workflow based on a cohesive contact model and introduce a 
general parameterization that can capture two extreme contact behaviours: free grains and fixed grains, as well as 
any intermediate degree of grain consolidation. With this parametric cohesive contact model, we can simulate a 
wide range of sedimentary rocks, from unconsolidated to well-consolidated rocks. We present a benchmark study 
on several samples and compare with laboratory-measured elastic moduli to calibrate its degree of consolidation. 
Simulations that do not include the grain contact modelling, tend to overestimate the elastic moduli, which manifests 
the significance of this contribution to capture well the grain contact behaviour. To demonstrate the impact of 
properly capturing the degree of consolidation on the rock strength and failure pattern, we present results for 
numerical uniaxial compression testing. This workflow provides physics-based solution to complex grain contact 
behaviour, which complements laboratory core analysis, and can be useful to reveal underlying grain-scale processes 
governing rock mechanical behaviour.

1 Introduction  

Digital rock applications have rapidly emerged over the past 
decades based on X-ray micro-tomography (micro-CT) 
imaging technology that allows capturing pore-scale three-
dimensional (3D) structures of reservoir rocks at the micro-
meter scale, and virtually simulating the flow of fluids under 
different production conditions [1–9]. However, digital rock 
simulation of rock mechanical properties has been considered 
challenging given the intrinsic limitation of micro-CT images 
to capture the degree of consolidation between grains in 
rocks, due to the limit in imaging resolution and also because 
micro-CT is typically obtained at ambient conditions and 
does not capture the actual net confining stress (NCS) pore 
geometry [10–15]. 

Different levels of consolidation, compaction, 
recrystallization, and diagenesis in general, can produce a 
wide range of grain contact behaviours in sedimentary rocks, 
from loosely consolidated sand packs to completely fused 
grains that form a single solid structure [16]. Numerical 
methods in the literature typically use a single solid frame 
formed by the mineral grains, generally overestimating the 
simulated rock stiffness as compared to experimental 
measurements [2,10,17–19]. Some ideas have been discussed 
to assign different properties to contact regions and grain 
regions [20–22]. However, a commonality among these 
approaches is that grain relocation is not allowed, which 
limits the grain-grain contact behaviour of real rocks as well 
as rock failure significant deformation. 

We recently introduced a micromechanics digital rock 
workflow based on finite element modelling of grain 
structures obtained from micro-CT images [23]. Some unique 
features of this workflow include, a robust grain-grain 
segmentation method, a conformal grain-grain contact 

meshing algorithm, and grain relocation capabilities, instead 
of modelling a solid framework as a whole. We are able to 
simulate linear elastic moduli comparable with experimental 
values, as well as being able to simulate significant 
compaction found at in-situ conditions, which are difficult to 
capture using micro-CT imaging at ambient conditions.  

Here we present an extension of that work, based on a 
cohesive contact model and we introduce a general 
parameterization that can capture both extreme contact 
behaviours: free grains and fixed grains, as well as an 
intermediate degree of grain consolidation. The proposed 
workflow intends to solve problems including: (1) model 
properly variable grain-grain consolidation to correctly 
simulate mechanical rock properties, (2) being able to recover 
the correct NCS pore geometry to simulate all petrophysical 
properties under the correct in-situ conditions, (3) allow grain 
relocation capabilities, including failure test simulations. This 
paper is structured as follows. First, we describe the 
parametric cohesive contact model to simulate a wide range 
of sedimentary rocks, from unconsolidated to well-
consolidated rocks. Second, we show a benchmark study on 
sandstone samples and compare with laboratory-measured 
elastic moduli to calibrate its degree of consolidation. Finally, 
we perform numerically uniaxial compression tests to 
demonstrate the impact of properly capturing the degree of 
consolidation on the rock strength and failure pattern.  

2 Methodology  

A micro-CT 3D voxelized image is needed as an input to 
identify individual grains and a connected pore geometry of 
rock. The limitations of micro-CT images for properly 
capturing a micro-mechanics rock model are related to the 
insufficient contrast for the identification of different mineral 
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grains, and for the identification of grain-grain contacts 
between same mineral grains. Identification of grain 
mineralogy and contacts can be improved by complementing 
3D micro-CT imaging with 2D higher resolution and 
mineralogy imaging such as scanning electron microscopy 
(SEM) and energy dispersive x-ray spectroscopy (EDS). In 
order to setup a finite element (FE) micro-mechanics rock 
model from micro-CT data, two critical pre-processing steps 
are required: (1) grain-grain segmentation, and (2) conformal 
meshing of grain contacts. We have described these steps in 
detail in [23], but for the sake of completeness we include 
here a brief description. 

For the grain-grain segmentation we start from a direct 
binary thresholding on the micro-CT that classifies voxels as 
pore or solid. After this, we want to reclassify the solid voxels 
with an integer index that represents at which grain it belongs. 
For this purpose we use a class of algorithms refer as 
watershed methods used for separating touching objects in 
binary images [24]. This algorithm computes first a distance 
transform 3D image, where for each solid voxel, the value of 
the Euclidean distance to the nearest pore/solid interface is 
recorded. If this is considered as a topographic depth map, the 
deeper parts of the image are the center of the objects. A 
watershed classification considers each solid voxel by the 
center to which it will roll down when following this inverted 
distance transform topographic map. In the final grain 
segmented 3D image each grain voxel has the value of the 
corresponding grain index, while pore voxels are labelled as 
0. 

In order to achieve an initial static solution for the 
segmented grains, it is of great importance to create a 
conformal mesh at the grain-grain contacts. A conformal 
mesh indicates that there is neither separation nor overclosure 
between any two grains of contact. The labeled voxelized 3D 
image is transformed into an unstructured mesh 
representation, where elements of the same grain are suitable 
for FE simulation and the elements at each side of a contact 
between grains conform to each other perfectly, without voids 
or overlaps in the contact boundary [23]. We generate the 
meshing for all the grains together, while maintaining the 
indices representing segmented grains, which results in a 
conformal mesh at the grain-grain contact. We can choose to 
have two separate surfaces or one combined interface for the 
conformal mesh, which corresponds to two case scenarios of 
free or fixed grain-grain contacts. 

Finally, the meshed model is input into the finite element 
solver with prescribed strains/stress boundary conditions and 
grain-grain contact models [25,26]. A general 
parametrization of the cohesive contact model is used to 
capture contact behaviors of different levels of grain 
consolidation including two extreme scenarios: free grains, 
where only friction is modeled between grains, and fixed 
grains, where grains are completely fused. In terms of the FE 
simulations, the free grain contacts introduce duplicate nodes 
and elements that allows grain relocation whereas the fixed 
grain contacts model the solid framework as a whole. 

2.1. Cohesive contact model  

The concept of “bonded grains” has been widely adopted in 
discrete element method (DEM), which simulates each 

individual grain as a discrete rigid body [27–29]. Similarly, 
the FE simulations can simulate the bonded grain interface 
based on the cohesive contact model, with or without the 
possibility of damage and failure of the bond (Figure 1a). The 
cohesive constitutive laws include the linear elastic traction-
separation model, damage initiation criterion, and damage 
evolution laws, which allow a precise description of the 
contact behavior. This work does not explicitly model the 
cement volume. Some processes, such as mineral 
segmentation, cement material property characterization, and 
grain meshing for cement phase, need to be developed to 
understand the effect of cement relative volume. We present 
an overview of the contact model, more details can be found 
in the FE solver documentation [26,30]. 

 

Fig. 1. (a) Schematic of cohesive contact behaviour [26]. (b) Typical 
traction-separation response. 

The model assumes the traction-separation behavior 
initially linear elastic followed by the damage initiation and 
evolution. The elastic matrix K relates the normal and shear 
stresses to the normal and shear separations: 

                                  ቂ
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where tR and tS represent the traction stress components in 
normal and shear directions, δR and δS represent the 
corresponding separations. Normal compressive stress 
follows the usual contact behavior. The damage modeling 
consists of a damage initiation criterion and a damage 
evolution law. Damage initiation begins when the separations 
satisfy the specified initiation criteria: 

                                  𝑚𝑎𝑥 ൜
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where δR
0 and δS

0 are critical separations in normal and shear 
directions. Note that purely compressive stress (negative 
value) does not result in damage. The damage evolution law 
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describes the degradation rate of the contact stiffness once the 
damage initiation starts. The contact stresses follow: 

                                  𝑡ோ = (1 − 𝐷)𝑡ோ̅  (3) 

                                  𝑡ௌ = (1 − 𝐷)𝑡ௌ̅  (4) 

where D is the damage variable, 𝑡ோ̅ and 𝑡ௌ̅ are contact stresses 
predicted by the elastic behavior (Eq. (1)) without damage. 
The damage variable D changes from 0 to 1 as the damage 
initiates and evolves and can be specified as a linear function 
of the effective separation δm. δm

f and δm
0 are the effective 

separation at complete failure and damage initiation, 
respectively. δm

max refers to the maximum value of the 
effective separation attained during the loading history. 
Figure 1b shows a typical traction-separation response for the 
cohesive contact model. Unloading subsequent to damage 
initiation is assumed to follow the history traction-separation 
path. Therefore, the cohesive contacts remain elastic until a 
bond failure occurs. 

                                  𝐷 =  
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                                 𝛿௠ = ඥ𝛿ோ
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ଶ  (6) 

2.2 General parameterization 

We describe in more detail the proposed new general 
parameterization of cohesive contact model that can capture 
both extreme contact behaviors: free grains and fixed grains, 
as well as any intermediate degree of grain consolidation. 

The parameters of the contact model include the stiffness 
KRR and KSS for the linear elastic behavior, the critical 
separation δR

0 and δS
0, and the effective separation at 

complete failure δm
f for the damage behavior. In order to 

simplify the representation, we assume KRR = KSS = K, δR
0 = 

δS
0 = δ0, δm

f = 2.5×δm
0 to reduce the number of parameters. 

The stiffness K needs to be pre-determined and can be 
automatically computed such that the cohesive contact model 
of a very large δ0 can reproduce the mechanical behavior of a 
solid framework with no grain contacts involved (i.e. fixed 
grain-grain contacts). Therefore, the cohesive contact model 
has only one adjustable parameter, the critical separation δ0, 
which can be recast into a parametric relationship that 
represents the consolidation level as a function of a new 
parameter C. 

We propose the following relationship between the 
critical separation δ0 and the consolidation level, new 
parameter C, as follows: 

                                 𝛿଴ = ∆𝑥
஼

ଵି஼
  (7) 

where Δx is a characteristic length for the granular system 
(with the same unit of δ0), C is dimensionless and can change 
from 0 to 1 with an increasing level of consolidation. Eq. (7) 
indicates that δ0 = ∞ when C = 1 and δ0 = 0 when C = 0, 
representing two extreme scenarios of fixed and free grain-
grain contacts. Figure 2 shows the traction-separation 
responses of various consolidation levels. A characteristic 
length is a global variable that can be estimated for instance 

from the grain size distribution, or grain-grain contact area 
distribution, as extracted from the 3D image itself. 

 

Fig. 2. Traction-separation responses of various consolidation levels 
(quantified by parameter C). 

This single model can capture contact behaviors for 
different levels of grain consolidation. With this parametric 
cohesive contact model, we can simulate a wide range of 
sedimentary rocks, from unconsolidated (free grain contacts) 
to intermediate-consolidated rocks to well-consolidated rocks 
(fixed grain contacts).  

2.3 Model validation  

In order to validate this proposed simplification, first we test 
the parametric cohesive contact model through a simple 
scenario of three-grain packing. The grains are extracted from 
a micro-CT image of Fontainebleau sandstone model [31]. 
Figure 3a shows the grain mesh used in the FE simulation.  
 We fix the bottom of the packing and apply either a 
tensile or compressive stress on the top, i.e. tensile or 
compressive testing. The characteristic length Δx is assumed 
as 0.5 µm. Figure 3b shows the tensile testing results from 
simulations of the cohesive contact model with different 
consolidation levels C, and fixed and free grain contacts (no 
cohesive contacts applied). The results indicate that the 
parametric cohesive contact model can reproduce the fixed 
and free grain contact behaviors when C = 1 and C = 0, 
respectively. When C = 0, the grains will be readily separated 
by the tensile stress. When C = 1, the three grains behave as 
a solid framework with no grain separation. When C = 0.5, 
the tensile force shows an increase followed by a decrease 
due to the damage initiates, similar to Figure 2.  
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Fig. 3. (a) Grain mesh of a three-grain packing. Grains are 
differentiated by colors. Force-displacement results of (b) tensile 
testing, and (c) compressive testing. Parametric cohesive contact 
model can reproduce the fixed and free grain contact behaviors by 
changing the consolidation level C. 

Figure 3c shows the simulation results of compressive 
testing. The compressive forces are with negative values to 
indicate the compaction. The parametric cohesive contact 
model can reproduce the fixed and free grain contact 
behaviors when C = 1 and C = 0, respectively. When C = 0.5, 
the force-displacement curve exhibits a transition from fixed 
grain contacts to free grain contacts because only two bonded 
contacts exist in the packing. The collective force-
displacement behavior of a larger number of bonds appears to 
become linear as shown in the following section. 

3 Results and discussion 

We apply this new parametric cohesive contact model to three 
rock sample models including a sphere packing, a Grosmont 
Carbonate and a Fontainebleau Sandstone, each of it 
exhibiting different grain-grain contact behaviour. We 
measure the static elastic modulus by modelling the 
deformation of rock sample, rather than the dynamic elastic 
modulus (e.g. acoustic velocities). The dynamic elastic 
modulus is typically higher than the static modulus, and the 
values diverge significantly in rocks with a low elastic 
modulus [32,33]. We also present simulation results of a 
failure test on the Fontainebleau Sandstone model to 
demonstrate the impact of properly capturing the degree of 
consolidation on the rock strength and failure pattern. 

3.1 Free grain contacts 

A sphere packing is a very good example of free grain-grain 
contact behavior, where grain contacts are introduced 
duplicate nodes and elements that allows grain relocation. 
Sain (2010) generated the micro-CT image of a sphere 
packing (as shown in Figure 4a) and obtained its bulk and 
shear modulus as 1.17 GPa and 1.22 GPa through granular 

dynamic simulations [34]. The granular dynamic simulations 
can yield very similar elastic moduli as laboratory 
experiments on glass beads packs, dry Ottawa sands and dry 
Galveston sand [34–36]. Andrä et al. (2013) compared their 
numerical simulations directly based on image voxels (i.e. 
only allowing fixed grain-grain contacts) with the granular 
dynamic simulations and found a significant deviation [2]. 
On the contrary, our micromechanical finite element model 
allows grain relocation (i.e. free grain-grain contacts) 
therefore resulting in a very close modulus as the reference 
data in [34]. 

 

 

Fig. 4. From left to right: the original binary micro-CT image of 
sphere packing, segmented grains indicated by different colors, 
grain mesh for the FE solver. 

Using this sphere pack model we demonstrate that the 
parametric cohesive contact model can mimic the free grain 
contacts. Following reference [2,23], we use a material 
property of quartz for the sphere packing: density is 2.65 
g/cm3, bulk modulus is 37.0 GPa, and shear modulus is 44.0 
GPa. Table 1 summarizes the specifications for the sphere 
pack model. 

Table 1. Specifications of the sphere packing. 

Rock type Sphere packing 

Sample size (voxels) 398x319x398 

Voxel size (µm) 14 

Porosity 34.3% 

Number of nodes 693,635 

Number of elements 3,306,874 

The parametric cohesive contact model has two 
parameters: the consolidation level C and the stiffness K. The 
consolidation level C is equal to 0 for free grain contacts. The 
stiffness K is calibrated to reproduce the mechanical behavior 
of fixed grain contacts. We perform hydrostatic compression 
test to measure the bulk modulus and shear test to measure 
the shear modulus. Table 2 summarizes the results. The 
parametric cohesive contact model with C = 0 yields very 
similar moduli as the free grain contacts from our previous 
work [23]. The results are not expected to be identical 
considering that the numerical simulations are based on 
different contact mechanisms. 
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Table 2. Bulk and shear moduli of sphere packing. 

 
Bulk modulus 

(GPa) 
Shear modulus 

(GPa) 
Cohesive contact model 

with C = 0 
1.29 1.57 

Free grain contacts 1.34 1.62 

Difference 3.7% 3.1% 

3.2 Fixed grain contacts  

The Grosmont Carbonate was deposited around 380 million 
years ago in the late Devonian period in an open shallow 
limestone marine shelf environment [37]. The formation is 
composed of limestone and dolomite with minor amount of 
siltstone and shale. Grosmont Carbonate is a good example 
of fixed grain-grain contact behaviour, given the fact that 
Carbonates are typically recrystallized due to diagenetic 
processes. Therefore, all the grains behave as one solid 
framework. In this section, we perform the grain 
segmentation to demonstrate that cohesive contacts can 
mimic the behaviour of fixed grain contacts when C = 1. 
Please note that watershed grain segmentation is typically not 
applicable to complex carbonate structure. Such a 
segmentation is intended for validating the numerical 
asymptotic behaviour of the parametric cohesive contact 
model, but not necessarily indicates a real grain contact 
behaviour. 

 

Fig. 5. From left to right: the original binary micro-CT image of 
Grosmont Carbonate, segmented grains indicated by different 
colors, grain mesh for the FE solver (only exterior edges are shown 
for better visualization). 

Table 3 summarizes the specifications for the Grosmont 
Carbonate model. Following reference [22], we use a material 
property of 50% calcite and 50% dolomite for the Grosmont 
Carbonate: density is 2.79 g/cm3, bulk modulus is 81.6 GPa, 
and shear modulus is 36.7 GPa. The consolidation level C is 
equal to 1 for fixed grain contacts and the stiffness K is the 
calibrated parameter. Table 4 shows the comparative results 
with our previous simulation for this model, and show that 
the parametric cohesive contact model with C = 1 gives very 
similar elastic moduli as the fixed grain contacts. 

 

 

 

 

 

 

 

Table 3. Specifications of the Grosmont Carbonate. 

Rock type Grosmont Carbonate 

Sample size (voxels) 400x400x400 

Voxel size (µm) 2.02 

Porosity 24.7% 

Number of nodes 11,416,848 

Number of elements 50,105,905 

Table 4. Bulk and shear moduli of Grosmont Carbonate. 

 
Bulk modulus 

(GPa) 
Shear modulus 

(GPa) 
Cohesive contact model 

with C = 1 
23.8 13.6 

Fixed grain contacts 24.0 13.4 

Difference 0.8% 1.5% 

3.3 Various consolidation levels  

Many sedimentary rock samples may exhibit different levels 
of consolidation as sediments are compacted and cemented 
under various geomechanical and geochemical conditions. In 
this section we focus on an intermediate consolidated rock, a 
Fontainebleau Sandstone. 

For illustration purposes, we firstly apply the parametric 
cohesive contact model to a Fontainebleau model [31,38], 
with a relatively small volume of 100x100x100 voxels, and 
voxel size of 7.3 μm. Figure 6 shows the binary voxelized 
image, segmented grains, and conformal grain mesh used in 
the FE solver. Following reference [22], the material 
properties assigned are for quartz as in the sphere packing 
case. 
 

 

Fig. 6. From left to right: the original binary micro-CT image of 
Fontainebleau model, segmented grains indicated by different 
colors, and grain mesh for the FE solver. 

We perform uniaxial strain tests on this Fontainebleau 
model, which requires an incremental strain in the vertical 
direction and zero strains in the horizontal directions [23]. 
Figure 7a shows stress-strain behaviours of various 
consolidation level C. When C = 0 and C = 1, the cohesive 
contact model can reproduce the moduli of free and fixed 
grain contacts, respectively. The modulus shows an increase 
as the consolidation level C increases. Figure 7b shows the 
normalized modulus as a function of the consolidation level. 
The modulus tends to become asymptotic approaching to the 
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two ends. We find that the data can be fitted well by a logistic 
function: 

                                 𝑓(𝑥) =  
ଵ

ଵା௘షೖ(ೣషೣబ)  ( ) 

where the fitted parameters k and x0 are 10.0 and 0.5, 
respectively. The purpose of using a fitting function is to 
minimize the number of simulations needed to create a 
complete contact model valid for all range of consolidation 
levels 0 ≤ C ≤ 1 behavior. We found that we only need to run 
two more simulations apart from the two end-member 
simulations (C = 0 and C = 1) to completely capture the effect 
of consolidation level. 

 

Fig. 7. (a) Stress-strain response for various consolidation levels C. 
(b) Normalized modulus as a function of consolidation level. The 
result can be fitted by a logistic function.  

With the knowledge obtained from simulations on the 
small Fontainebleau model, we further apply the parametric 
cohesive contact model to a larger Fontainebleau Sandstone 
micro-CT model of 288x288x300 voxels [2]. The voxel size 
is 7.5 μm. The sample porosity is 14.7%. The material 
properties are assigned as quartz. Figure 8 shows the 
voxelized image, segmented grains, and conformal grain 
mesh. 

 

Fig. 8. From left to right: the original binary micro-CT image of 
Fontainebleau sandstone, segmented grains, and grain mesh. 

We perform a hydrostatic compression test to measure the 
bulk modulus. Figure 9a shows the stress-strain behaviours 
for various consolidation levels C. The parametric cohesive 
contact model can reproduce the moduli of fixed and free 
grain contacts when C = 1 and C = 0, respectively. Two 
intermediate consolidation levels result in a modulus in 
between. The parameters k and x0 of our logistic fitting 
function are 15.9 and 0.5, respectively. 

 

Fig. 9. (a) Stress-strain response for various consolidation levels C. 
(b) Normalized modulus as a function of consolidation level. The 
result can be fitted by a logistic function. 

The experimentally measured bulk modulus is ~22.2 
GPa, which corresponds to a consolidation level C of 0.56 
based on the simulation results in Figure 9 [2]. We further 
perform a shear test to measure the shear modulus when C = 
0.56. We obtain a shear modulus of 24.9 GPa, which is also 
close to the laboratory-measured shear modulus. Therefore, 
this method can be used to estimate the contact consolidation 
level by finding the C value so that the experiments match 
with simulations on a corresponding micro-CT image. The 
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model also allows the users to select the consolidation level 
as an input parameter based on their knowledge of diagenesis 
history of sedimentary rock samples. Some ideas have been 
discussed about relating the consolidation level with the 
relative size of the grain-grain contact areas relative to the 
grain sizes. Small relative contact areas should correspond to 
lower consolidation levels, while larger relative contact areas 
should correspond to higher consolidation levels. A 
systematic study with a representative population of rock 
types and consolidation levels using the new parametric 
cohesive contact model should provide some validation of 
this idea. 

Table 5. Bulk and shear moduli of Fontainebleau Sandstone. 

 
Bulk modulus 

(GPa) 
Shear modulus 

(GPa) 

Experimental result 22.2 23.5 

Numerical result  
(C = 0.56) 

22.2 24.9 

Difference 0.0% 5.9% 

3.4 Failure test 

The rock failure behaviour manifests the significance to 
capture well the consolidation level. Uniaxial compression 
tests are widely used to determine the uniaxial compressive 
strength (UCS) and deformability of rock samples [39,40]. 
The testing sample is loaded in the axial direction with no 
confinement in the radial directions. The ratio of 
height/diameter of the samples is typically between 2 and 
3 [41]. A ratio smaller than 2 will result in high uniaxial 
compressive strength [42]. 

In this section, we perform uniaxial compression tests on 
a cylindrical volume from the Fontainebleau model used in 
the previous section, at various consolidation levels C. All the 
other model parameters remain invariant. The sample has a 
height of 500 voxels and a diameter of 250 voxels. The voxel 
size is 7.3 μm. Figure 10 shows the voxelized image of 
segmented grains and the corresponding grain mesh used in 
the FE simulations of uniaxial compression test.  

 

Fig. 10. (Left) Voxelized image of segmented grains. (Right) Grain 
meshing for FE simulation of failure test. 

Figure 11 shows the evolution of vertical displacement 
field as the sample is being compressed in the vertical 
direction (C = 0.2). The Fontainebleau sample is initially 
intact and finally ruptures with a shear band. Figure 12 shows 
the vertical stress as a function of vertical strain for various 
consolidation levels C. When C = 1, the grains are fused 
together and the sample behaves elastic with an infinite 
strength. When C = 0, the grains are unconsolidated and the 
sample fails when the vertical stress reaches the uniaxial 
compressive strength, with friction as the only remaining 
force. An intermediate C will result in stress-strain curves in 
between the two end-member scenarios. When C is relatively 
small (e.g. C = 0.2), the stress-strain curve is very close to the 
result of C = 0 due to the asymptotic nature of Eq. (7), and 
shown in Figures 7b and 9b. The simulation results show that 
the rock failure behaviour is conditioned by the consolidation 
level, which is parameterized into the cohesive contact model 
in this work. 

 

Fig. 11. Evolution of vertical displacement field as the 
Fontainebleau model is compressed in the vertical direction. The 
grains are shown semi-transparent for a better visualization. The 
sample ruptures with a shear band at the failure state. 
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Fig. 12. Vertical stress as a function of vertical strain for various 
consolidation levels C. A larger C results in a larger uniaxial strength 
and elastic modulus. 

Table 6 summarizes the Young’s modulus and uniaxial 
compressive strength based on the results shown in Figure 12. 
A larger consolidation level parameter C will result in a larger 
Young’s modulus and uniaxial compressive strength. Han 
(1987) experimentally measured the Young’s modulus of 
several Fontainebleau sandstones and the results range from 
36 to 79 GPa [43]. Baud et al. (2014) experimentally 
measured the uniaxial compressive strength of several 
Fontainebleau sandstones and the results were from 44 to 122 
MPa [44]. Our numerical simulations for this particular 
Fontainebleau model yield reasonable values of Young’s 
modulus and uniaxial compressive strength compared to 
these reference experimental data. 

In addition to the consolidation level, the contact friction 
is another critical parameter to the rock failure process. We 
adopt the Coulomb friction model which relates the 
maximum allowable frictional stress across a grain contact to 
the contact pressure between the grains. The critical frictional 
stress at which sliding of the contacts starts is proportional to 
the product of friction coefficient and contact pressure. We 
assume a friction coefficient of 0.2 throughout this study. 
Besides, we find that (1) the elastic-plastic transition is 
smooth compared to many real loading scenarios, and (2) the 
post-peak behaviour is less catastrophic than real failures. 
This may be a result of the fact that the current meshing 
process is not ideal and introduces non-smooth contact 
boundaries that can add friction to grain contacts. The future 
work will be improving the grain meshing process to allow 
smooth contact boundaries that facilitate relative large-strain 
grain relocation. 

Table 6. Bulk and shear moduli of Fontainebleau Sandstone. 

 
Young’s modulus 

(GPa) 
Uniaxial compressive 

strength (MPa) 

C = 0 57.0 98.2 

C = 0.2 57.4 98.3 

C = 0.8 86.1 102.6 

C = 1.0 89.8 infinity 

 

4 Concluding remarks 

In this paper, we extend our previous micromechanics 
workflow described in [23] to a parametric cohesive contact 
model.  The presented workflow can capture both extreme 
contact behaviors: free grains and fixed grains, as well as any 
intermediate degree of grain consolidation. We present a 
benchmark study on several samples and compare with 
laboratory-measured elastic moduli to estimate its degree of 
consolidation. Simulations that do not include the grain 
contact modeling, tend to overestimate the elastic moduli, 
which manifests the significance of our contribution to 
capture well the grain contact behavior. To demonstrate the 
impact of properly capturing the degree of consolidation on 
the rock strength and failure pattern, we present results for 
numerical uniaxial compression testing consistent with 
measured results. This workflow provides a physics-based 
solution to the complex grain-grain contact behavior, which 
complements laboratory core analysis, and can be useful to 
reveal underlying grain-scale processes governing rock 
mechanical behavior. The importance of a more complete 
microscopic understanding of core-scale mechanical 
properties is ultimately reflected in the quality of the inputs 
that we use for our up-scaled geomechanics models, as well 
as enabling a more comprehensive framework for digital rock 
simulated petrophysical properties at different NCS 
conditions. 

5 Nomenclature 

Notation 
K = stiffness 
t = traction stress  
δ = separation in normal direction 
D = damage variable 
C = consolidation level 
Δx =  characteristic length 
k , x0 = fitting parameters for logistic function 
 
Subscripts 
R = normal direction 
S = shear direction 
m = effective property 
 
Superscripts 
f = failure condition 
0 = critical condition 
max = maximum value 
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